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The efficiency of photocurrent extraction was studied directly inside operating Colloidal Quantum Dot (CQD) photovoltaic devices. A model was derived from first principles for a thin film p-n junction with a linearly spatially dependent electric field. Using this model, we were able to clarify the origins of recent improvement in CQD solar cell performance. From current-voltage diode characteristics under 1 sun conditions, we extracted transport lengths ranging from 39 nm to 86 nm for these materials. Characterization of the intensity dependence of photocurrent extraction revealed that the dominant loss mechanism limiting the transport length is trap-mediated recombination. V C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4831982] Solution-processed colloidal quantum dot (CQD) photovoltaics have progressed significantly in their performance in recent years, with certified results now exceeding 7%. 1 As a result of these advances in performance, there is a growing need to understand the basic electronic material properties that govern recombination and transport.
It is well established that in CQD photovoltaics today, there exists an absorption-extraction compromise 2,3 wherein device thickness, and therefore absorption, cannot be increased to the point of full solar spectrum optical absorption without compromising the ability to extract photocharges efficiently. This compromise limits further progress in device performance, not only as it pertains to short-circuit current Jsc but also in light of the voltage-dependent extraction of drift-transported photocharges, a reliance that degrades fill factor. To study the origins of this behaviour, we measured photocarrier collection efficiency in recently developed CQD materials. 1 We examined the organically cross-linked and hybridpassivated CQD solar cell each reported previously. 1 It was found that additional CdCl 2 treatment of the PbS nanocrystals led to substantially improved photovoltaic performance from 5.6% to 7.4% efficiencies for the organically cross-linked and hybrid-passivated CQD materials, respectively. Much of this enhancement can be attributed to the improvement in J SC from 17 to 22.8 mA cm À2 .
The experimental collection efficiencies (Figures 1(b) and 1(c)) for the organically cross-linked and hybridpassivated CQD devices, respectively, were obtained by measuring the intensity-dependent current-voltage relationship. Devices were fabricated using previously established methods. 1 An 830 nm fiber-coupled laser diode was used as an excitation source and a neutral density filter wheel was used to control the light intensity reaching the device. By measuring J-V data at two different intensities, we calculate the experimental collection efficiency 4 from
where IQE is the internal quantum efficiency at the excitation wavelength and J 1,2 (V) and J SC1,2 are the photocurrent density and short circuit current density at a given excitation intensity.
Extracting useful insights from the experimental data requires the development of an appropriate model which takes into account the physical and electronic properties of CQD solar cells. The work builds on previously reported models of voltage-dependent charge extraction in solar cells. [5] [6] [7] One of the simplest models (Figure 2 (a)) used to explain collection efficiency in solar cells is the G€ artner expression, 8 which assumes that carriers are extracted within one diffusion length, L D of the depletion region thickness, W(V) as
where a is the absorption length in the material and V is the applied bias. This model assumes perfect extraction of carriers generated within the depletion region. In reality, losses may exist even in the presence of a strong electric field in the scenario in which charge carriers cannot be swept out prior to recombination. Prior reports confirm that this situation exists in certain CQD solar cells, since there exist previously reported devices that, though fully depleted, exhibited IQE well below 80%. 2, 9, 10 Extraction of charge carriers undergoing drift transport in an electric field has been previously modeled ( Figure  2 
where V B is the built in voltage, d is the device thickness, V is the forward bias, and ls rec is the mobility-lifetime product.
The Hecht equation depends on the ratio of the transit time, s t , and recombination lifetime, s rec , indicated in Figure 2 (b) where s t is given by Here, voltage-dependent losses occur due to the reduction in the electric field, resulting in longer transit times, for charge carriers transiting the thickness of the device. This model has been applied successfully to amorphous Silicon 11 and CdTe 7 material systems. It assumes that (1) the electric field is uniform in space within the depletion region; (2) this field extends throughout the entire thickness of the device; (3) diffusion makes a negligible contribution to photocurrent. This model works particularly well for p-i-n structures in which most absorption occurs in an intrinsic region through which the electric field extends.
While these previous models have been sufficient to describe the specific systems noted above, they fail to apply in thin-film p-n junction devices (Figure 2(c) ). In these devices, significant carrier losses can occur even if presence of drift transport is the primary charge transport mechanism in a fully depleted device. To take account of this quantitatively, the linear decrease in the electric field profile from the junction to the edge of the depletion, per the Poisson equation, 12 should be taken into account. Additionally, the depletion region thickness of the p-n junction decreases with increased forward bias according to
where W(0) is the depletion region thickness at 0 V bias. We therefore now proceed to derive a model that will apply to thin-film depleted bulk heterojunction CQD devices.
Transport of the minority carrier limits carrier extraction efficiency, as represented by the time for transport to the electron-accepting interfaces such as the n-type TiO 2 interface in a CQD depleted heterojunction device. During this process, carriers may have the chance to recombine through Shockley-Read-Hall processes 13 from trap-assisted and radiative recombination. In the linearly varying electric field, the electron accelerates as it moves through the device, and the transit time is given by
where t D is the velocity of carriers undergoing diffusion
The electric field within a p-n junction is provided by
The probability that a carrier at a given position is extracted for a given bias can be calculated from
Letting the generation rate be relatively uniform throughout the device allows calculation of the bias-dependent collection efficiency by integrating over the entire device depletion region. This assumption applies particularly well at longer above-bandgap excitation wavelengths at which the absorption length 1/a is modest compared to the double-pass device thickness.
Integrating over the entire thickness of the device depletion region, we achieve
where
and
We fit the experimental data (Figures 1(b) and 1(c) ) using this new model. Capacitance-voltage measurements indicate that devices remain fully depleted until 0.2 V forward bias. At this point, W(V) is equal to the device thickness d. By adjusting ls rec , and thus the diffusion length, we were able to fit the experimental data well to the function of Eq. (10). Best fit values were obtained for diffusion lengths of 86 nm and 39 nm, respectively. These values agree well with the 80 nm and 30 nm diffusion lengths obtained using donor-acceptor photoluminescence studies reported recently 14 and confirm that the recent improvement in photovoltaic performance of CQD materials has been through enhancement in photocarrier transport lengths.
With the goal of elucidating further the dominant recombination processes in CQD solids, we examined intensity-dependent photocurrent as a function of forward bias (Figure 3(a) ). The relationship between photocurrent density and intensity can provide information about the dominant recombination processes 15
where J is the photocurrent density, I is the incident light intensity, and b is the order of the power law relationship. Quantifying b can offer insight into whether processes are monomolecular, bimolecular, or higher-order. In Figure 3 (b), the photocurrent varies linearly with intensity even at strong forward-bias voltages. This indicates that recombination losses occur principally through a firstorder process, such as trap-assisted recombination. Even at forward bias, where carriers are less efficiently extracted and equilibrium carrier concentrations are greater than under short-circuit conditions, there is little evidence of higherorder recombination losses. We applied our model to explore the intensitydependence of the diffusion length in the highest-performing CQD photovoltaic devices (Figure 3(b) ). In the case of bimolecular recombination, we would expect to see a decrease in L D as the recombination rate increases under increased photoexcitation. No notable diminution in L D is seen as intensity is increased 20-fold. This agrees with the conclusion that bimolecular recombination is not a dominant loss mechanism in these devices and that trap-assisted recombination is likely the primary limiting factor for transport and, therefore, performance.
In summary, we have developed, from first principles, a model to describe carrier collection efficiency in CQD photovoltaics. The model assumes that carrier collection is largely driven by field-driven transport within the depletion region, with negligible contributions from a relatively small diffusion length. The model, which relied on a minimal set of initial assumptions, allowed us to determine the diffusion length accurately from measured J-V-L characteristics. We used this model to study previous reported CQD materials, finding that recent enhancements in performance have been the result of significant improvements in transport lengths.
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